Infections caused by methicillin-resistant Staphylococcus aureus (MRSA) cause considerable morbidity and mortality, with estimated mortality rates surpassing those caused by HIV infection [1, 2] . Until recently, MRSA has been a health care-associated pathogen that affects predominantly the elderly population and debilitated individuals [3] . In 1998, a new strain of MRSA emerged in the community setting that caused infec- , where h is the compliance with hand washing hygiene (with corresponding to 0% compliance and corresponding to 100% (1-h)b /N h p 0 h p 1 IC compliance), b CC , b IC , b CH , and b IC are the rates of colonization transmission to patients from health care workers contaminated by patients with CA-MRSA colonization, CA-MRSA infection, HA-MRSA colonization, and HA-MRSA infection, respectively, and N is the total number of patients in the hospital. The rates of infection of patients with CA-MRSA colonization and patients with HA-MRSA colonization are f C and f H , respectively. The cure rates of patients with CA-MRSA infection and HA-MRSA infection are t C and t H , respectively, and the death rates of these patients are d C and dH, respectively. The rates of decolonization of patients with CA-MRSA colonization and HA-MRSA colonization are a CC and a CH , respectively.
We hypothesized that CA-MRSA will replace the traditional HA-MRSA strain in the health care setting over time, and we sought to identify the epidemiological factors that would result in the dominance of CA-MRSA strains and the competitive exclusion of HA-MRSA strains. A deterministic mathematical model was developed to quantify the temporal patterns of CA-MRSA spread into the hospital setting. Using this model, we quantified the consequences of the expanding community reservoir and the increased documentation of more-severe infections caused by CA-MRSA in the dissemination of this new strain into the hospital. The model was also extended to determine the optimal strategy or combination of strategies that would prevent the in-hospital cross-transmission of CA-MRSA.
METHODS
Mathematical model. The deterministic differential equations model describes the transmission dynamics of CA-MRSA within a 400-bed tertiary care hospital with ∼25,000 admissions per year. Individuals within the hospital are in 5 mutually exclusive states: susceptible (S), colonized with either CA-MRSA (CC) or HA-MRSA (CH), or infected with either CA-MRSA (IC) or HA-MRSA (IH). Individuals enter the hospital in one of these states and exit via death or hospital discharge. Steady states of MRSA colonization or infection are achieved over time. Within the hospital, susceptible individuals can become colonized with either CA-MRSA or HA-MRSA and can subsequently become infected with the respective MRSA strain. Transmission of MRSA between individuals occurs through contact with health care workers. To simplify the model, cocolonization with CA-MRSA and HA-MRSA and environmental contamination were not included. Control strategies for preventing the spread of MRSA include improving compliance with hand hygiene and placing individuals who are infected with MRSA on contact precautions [16] . Patients who are infected with either HA-MRSA or CA-MRSA are assumed to be placed on contact precautions, thereby reducing their transmission risk, compared with that for the unidentified reservoir of asymptomatically colonized patients. The model compartments are illustrated schematically in figure 1 . Steady states of MRSA colonization or infection are achieved over time. Mathematical equations are provided in a separate publication [17] . A deterministic model was used to better present the basic reproduction number and to consider the long-term behavior of the models in these large patient populations. Patients were therefore aggregated into compartments and were considered to be homogenous. Using stochastic, individual-based models would allow for patient heterogeneity; however, the increase in behavioral detail provides data that are more difficult to interpret and apply, compared with data provided by deterministic models [18] . Baseline parameters. Parameter estimates are obtained from the Beth Israel Deaconess Medical Center's computerized database system, which provides patient and infection-control data. Values were also extrapolated from population-based surveillance or multicenter studies of the USA300 and other strains (table 1). The length of stay (LOS) of patients colonized with CA-MRSA was assumed to equal the LOS of susceptible patients, because patients colonized with CA-MRSA are predominantly healthy individuals whose colonization status would not affect their LOS. Patients who are colonized with HA-MRSA, however, are a group of patients with multiple comorbidities and with longer LOS.
Unique differences in the biology of CA-MRSA, compared with HA-MRSA, are incorporated into the transmission parameter (b). In vitro studies have demonstrated that the growth rate of CA-MRSA is ∼1.33 times faster than the growth rate of HA-MRSA [22] . The decreased doubling time can provide CA-MRSA strains an advantage toward more-successful colonization and subsequent transmission [22, 23] . The ratios of the transmission parameters for patients colonized or infected with CA-MRSA and HA-MRSA ( and ) were
therefore set at ∼4:3. A simulation was also performed to determine the transmission dynamics of CA-MRSA if there were no differences in growth rate between CA-MRSA and HA-MRSA and, therefore, an equal risk of transmission.
RESULTS

Transmission dynamics of CA-MRSA in the hospital.
Simulations of the baseline model demonstrate that CA-MRSA becomes endemic in the hospital over time. At baseline, the endemic prevalence of HA-MRSA is higher that the prevalence of CA-MRSA, reflecting a greater admission rate and longer LOS among patients who harbor HA-MRSA, compared with patients who harbor CA-MRSA (figure 2). Increasing the influx into the hospital of patients who are colonized or infected with CA-MRSA, however, leads to a rapid reversal of dominance, with CA-MRSA strains surpassing the endemic prevalence of HA-MRSA (figure 3). The prevalence of CA-MRSA will further increase, given the feedback loop dynamics between the community and the hospital, whereby an increase in the influx of patients harboring CA-MRSA and a subsequent decrease in the prevalence of HA-MRSA in the hospital will lead to an overall decrease in the number of patients with HA-MRSA exiting and subsequently reentering the hospital. Figure 3 illustrates this concept.
To determine whether the increase in the prevalence of CA-MRSA was attributable only to the greater value for the transmission parameter of CA-MRSA, based on the decreased doubling time, a simulation was performed with the transmission parameter of CA-MRSA equal to the transmission parameter of HA-MRSA. This simulation shows findings similar to those of the baseline model ( figure 3) ; the prevalence of CA-MRSA continues to increase over time and surpasses the prevalence of HA-MRSA, but this requires that a greater number of patients who harbor CA-MRSA enter the hospital (figure 4).
Patients who harbor MRSA act as reservoirs for these pathogens and provide a constant source of transmission. Increasing the LOS of these individuals will, therefore, increase exposure to CA-MRSA among susceptible individuals. The baseline model assumed that the mean LOS among patients infected with CA-MRSA was 10 days. This value reflects the predominance of skin and soft-tissue infections caused by the community strain. CA-MRSA is also implicated in more-severe infections, which are reported with increasing frequency. These infections are associated with longer LOS and, therefore, result in greater exposure to the reservoirs of CA-MRSA [9] [10] [11] . The numerical simulations demonstrate that prolonging the LOS of reservoirs with screening requires action, including not only the timely placement of newly identified colonized individuals on contact precautions, but also compliance with these precautions. Sensitivity analyses were performed to evaluate the "finding is not enough" concept of screening [26] . Decolonization of colonized individuals was simulated by adding the movement of colonized individuals into the susceptible compartment. The efficacy of decolonization with topical agents was set at 66% [27] . The parameter varied from 100% (to reflect potentially more-efficient decolonization strategies, such as whole-body antimicrobial washes, use of systemic antimicrobials, or combinations of such strategies) to 0% (to reflect the inevitable emergence of resistance to the antimicrobial agents) [28] . We also simulated the effect of these interventions and of combinations of these interventions as the rate of entry of patients with CA-MRSA increased. Simulations demonstrate that all 3 interventions are effective in decreasing the spread of CA-MRSA. The magnitude of their effect, however, differs substantially, depending on the level of compliance or efficacy of each strategy. Decolonization of patients known to be colonized with CA-MRSA is the most effective strategy and would result in the lowest percentage of total patients colonized with CA-MRSA. The greater efficacy of decolonization, compared with that of hand hygiene or screening, reflects the first-order effect of decolonization, which would directly eliminate the reservoir of MRSA. The other 2 strategies, hand hygiene and screening, have a second-order effect, because they decrease MRSA transmission but do not eliminate the source. The impact of reduced efficacy of decolonization with the emergence of resistance to the decolonizing antimicrobial was also simulated [28] .
Compliance with hand hygiene had the greatest return of benefits, with a decrease in compliance resulting in marked increases in the percentage of patients who were colonized with CA-MRSA; conversely, improved compliance dramatically decreased the percentage of colonized patients. In contrast with the other 2 interventions, there was no diminishing return as hand hygiene approached 100%, compared with improving the effectiveness of screening and decolonization toward 100%. The simulations also showed that, once compliance with hand hygiene surpassed 80%, it became a more effective strategy than screening.
The efficacy of these interventions as the influx of CA-MRSA into the hospital increased was also evaluated. The simulations showed that the relationship between the efficacies of the 3 interventions remained comparable, regardless of the rate of entry of patients colonized with CA-MRSA. The magnitude of effect however, increased with all 3 interventions as more individuals with CA-MRSA entered the hospital.
Combination of interventions. Combinations of 2 interventions and their impact on the spread of CA-MRSA were evaluated. These simulations further verified the importance of including improved hand hygiene compliance with other interventions and showed that, when compliance with hand hygiene was maximized, the additional benefit of effective screening or decolonization interventions was small. Screening interventions, for example, had minimal or no additional benefit if hand hygiene compliance was 190%. Conversely, if there was poor compliance with hand hygiene, effective screening strategies reduced the overall spread of CA-MRSA substantially (figure 7). Combining screening and decolonization strategies while maintaining a baseline hand hygiene compliance of 60% had a small additional benefit, even when the efficacy of these interventions was maximized (figure 7).
DISCUSSION
The rapid emergence and spread of CA-MRSA in the community has become a major public health threat. Our model strongly suggests that CA-MRSA will become the dominant MRSA strain in hospitals, with competitive exclusion or near exclusion of the traditional HA-MRSA strain. Several hospitals have already documented the predominance of CA-MRSA over HA-MRSA strains as a cause of hospital-acquired infections, which provides preliminary validation of our model [11, 13, 15, 30] .
Our model focused predominantly on the epidemiological factors contributing to the reversal of dominance between HA-MRSA and CA-MRSA strains in hospitals. Simulations demonstrate that the expanding community reservoir of CA-MRSA will lead to a greater influx of CA-MRSA strains in hospitals, with a rapid increase in the endemic hospital prevalence of CA-MRSA. The model strongly suggests that even small increases in the number of patients entering the hospital with CA-MRSA will contribute substantially to the in-hospital dissemination of CA-MRSA. The second factor that strongly contributes to the replacement of HA-MRSA by CA-MRSA is the expanding inhospital reservoir of CA-MRSA. Recent surveillance studies have documented that CA-MRSA strains are increasingly implicated in severe hospital-acquired infections, including blood stream and surgical site infections [11, 13, 15] . The morbidity and mortality associated with these nosocomial infections imply that the reservoir of patients who harbor CA-MRSA in the hospital will expand, because both the number of CA-MRSAinfected patients and their LOS will increase. A recent model of CA-MRSA transmission in a correctional facility also demonstrated that prolonged incarceration time would lead to a catastrophic outbreak [31] . Another mathematical model that described the population dynamics of antimicrobial-resistant bacteria among the community, hospitals, and long-term care facilities also demonstrated the important role of both the community reservoir and the LOS in the spread of antimicrobialresistant organisms [32] . The replacement of the traditional HA-MRSA strain with CA-MRSA strains, as shown in our model, is further supported by unique bacterial characteristics of CA-MRSA that may provide these strains with a competitive advantage over HA-MRSA. CA-MRSA carries a smaller version of the staphylococcal cassette chromosomes mec (type IV SCCmec), which confers methicillin resistance, compared with larger cassettes carried by HA-MRSA (type 1-III SCCmec) [23] . CA-MRSA also tend to carry fewer antimicrobial resistance genes, compared with HA-MRSA [23] . The fitness cost of antibiotic resistance may, therefore, be minimized by the carriage of smaller or fewer genes, thereby providing CA-MRSA with a competitive advantage over HA-MRSA strains. The more rapid growth rate among CA-MRSA strains, compared with that among HA-MRSA strains, would Figure 7 . Comparison of the percentage of patients colonized with community-acquired methicillin-resistant Staphylococcus aureus (CA-MRSA) at steady state for hand hygiene compliance, screening, and decolonization interventions. A, Hand hygiene compliance increases from 0% to 100% and the efficacy of decolonization increases from 0% to 25%, 50%, 75% and 100%. B, Hand hygiene compliance increases from 0% to 100% and the efficacy of the screening intervention increases from 0% to 25%, 50%, 75%, and 100%. C, The efficacy of the decolonization strategy increases from 0% to 100% and the efficacy of the screening strategy increases from 0% to 25%, 50%, 75%, and 100%.
further increase this advantage by potentially out-competing HA-MRSA strains and increasing the likelihood of colonization [22, 23] . Our model included the decreased doubling time of CA-MRSA in the transmission parameter but avoided the inclusion of greater biological fitness, because studies that directly compare the fitness between these 2 strains have not been performed to date. Our model simulations also showed that, even if an assumption is made that there is no difference in growth rate between CA-MRSA and HA-MRSA and, therefore, that the transmission risks are equal, the prevalence of CA-MRSA will still increase and surpass that of HA-MRSA over time.
Our model was extended to evaluate the efficacy of 3 control strategies aimed at limiting the spread of CA-MRSA strains. Decolonization was the most effective strategy. This intervention eliminated the reservoir of CA-MRSA, whereas the other 2 interventions only decreased the cross-transmission of CA-MRSA between patients. Although the decolonization strategy was the most effective, clarifications to this conclusion are warranted. First, CA-MRSA may preferentially colonize sites other than the nares, and therefore skin-to-skin or skin-to-fomite transmission may play a greater role in the spread of CA-MRSA than in the spread of HA-MRSA [29] . More-aggressive and costlier decolonization strategies, in addition to nasal decolonization (which is used predominantly for HA-MRSA), may therefore be indicated. Second, the emergence of resistance to the decolonizing agent, in addition to the high recolonization rates, need to be considered, because this strategy may provide only temporary benefit [28] . Improving compliance with hand hygiene was a very effective strategy and had the greatest return of benefits, with rapid decreases in the endemic prevalence as compliance increased and, conversely, rapid increases as compliance decreased. Improving compliance with this simple, inexpensive, and effective practice continues to be at the forefront of infection-control strategies. Interestingly, simulations that combined hand hygiene compliance and screening showed that the efficacy of a screening strategy is dependent on the level of hand hygiene compliance. In fact, when compliance with hand hygiene was maximized, screening had no additional benefit in decreasing the endemic prevalence of CA-MRSA. When compliance was poor, however, screening was effective. These data may provide some explanation of the contradictory conclusions of 2 recent studies that addressed the efficacy of MRSA screening [33, 34] .
The transmission dynamics of CA-MRSA are complex. For CA-MRSA strains, outbreak investigations suggest that skinto-skin and skin-to-fomite transmission may play a greater role in the spread of CA-MRSA than in the spread of HA-MRSA [29] . To simplify our model, environmental contamination and the potential for greater skin-to-skin transmission of CA-MRSA were not assessed. Inclusion of these routes would likely further increase the spread of CA-MRSA in hospitals. Previous models have also incorporated the transmission dynamics between health care workers and patients, and the models have included parameters that reflect the staffing ratio, the probability of health care worker contamination, and the rate of contact between health care workers and patients [35] [36] [37] . In this model, it was assumed that health care workers would contribute to the spread of HA-MRSA and CA-MRSA equally; therefore, separate compartments for health care workers were not included. The baseline parameters for our model were obtained from population-based surveillance and multicenter studies that defined CA-MRSA predominantly on the basis of the absence of risk factors for health care exposure. Recent data suggest that a substantial proportion of patients with health care exposure harbor CA-MRSA at admission to the hospital [38] . Thus, our baseline values may underestimate the extent of CA-MRSA burden in the hospital. Last, to simplify our model, cocolonization with CA-MRSA, HA-MRSA, or methicillin-susceptible S. aureus and colonization with multiple MRSA strains were not addressed and may lead to different results.
Our model strongly suggests that CA-MRSA will quickly replace the traditional HA-MRSA strain in hospitals. The expanding community reservoir of CA-MRSA, coupled with the greater growth rate and potentially greater biological fitness of this strain, support the conclusions of our model. The consequences of this reversal in dominance raise great concern, because the reported serious infections caused by CA-MRSA strains will now occur among hospitalized patients, who are a more debilitated and older patient population. Effective control is possible, but it necessitates compliance, especially with hand hygiene.
